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Abstract 
A composite softball bat and two different softball constructions were investigated using experimental and finite element (FE) 
methods. Softball characterizations were completed using COR (coefficient of restitution against a flat wall), CCOR 
(cylindrical coefficient of restitution), compression, and dynamic stiffness.  The composite bat characterization included barrel 
compression and modal analysis.  FE analyses were completed in LS-DYNA to explore the capabilities for the experimentally 
determined material parameters for the softballs to be used in predicting bat performance as quantified by BBS (batted-ball 
speed).  Softballs were modeled using the viscoelastic material models, and the composite softball bat model was constructed 
per the ply stack-up and ply properties as provided by the manufacturer.  The model showed mixed results for its ability to 
predict the relative batted-ball speed as a function of ball type for the two softballs considered in the study.   
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1. Introduction 
In the early 2000s, advancements in composite softball bat design led to increasing batted-ball speeds (BBS)
and concerns that the balance between offense and defense of the game was being compromised.  In a response to 
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restore balance, the Amateur Softball Association (ASA), and other softball governing bodies implemented strict 
regulations to limit bat performance as quantified by BBS, which is in part a consequence of the combination of 
the respective constructions of the bat and the ball. The BBS is calculated using 
 ܤܤܵ = ݒ௣(ܤܧܴܵ െ 0.5) + ݒ௦(ܤܧܴܵ + 0.5) (1) 
where vp is the ball pitch speed (25 mph / 40.5 kph), vs is the bat swing speed at point of contact (mph / kph), and 






+ 0.5 (2) 
where ms is the weight of the standard ball and Me is effective bat mass and is given by 
 
ܯ௘ = ூାூ೛೔ೡ೚೟ொమ                                                                                                                                         (3) 
where 
I - moment of inertia about the pivot location, 6 in. (15.24 cm) away from knob (oz-in2 or N-cm2) 
Ipivot - moment of inertia of pivot stage (oz-in2 or N-cm2) 
















BBCORN  - normalized BBCOR 
rs - ratio of bat stiffness to the stiffness of the standard ball 
DS - dynamic stiffness of the test ball, Test Method ASTM F2845 (lb/in or N/cm) 
DSs - dynamic stiffness of the standard test ball provided by the test sponsor (lb/in or N/cm) 
CCOR - cylindrical coefficient of restitution of the test ball 
CCORs - cylindrical coefficient of restitution of the standard ball, provided by the test sponsor 
 
Currently, all softball bats undergo certification testing according to ASA (2004). As a result, most bats are 
designed to perform at the BBS limit in the test, thereby making all bats essentially equal with respect to the 
conditions of the certification test.  To ensure consistency in the test conditions from bat to bat for the bat 
certification process, the process specifies the brand, compression and COR of the ball to be used in test.  
However, not all softballs used on the field are equal to the properties of the ball used in the certification test.  The 
compression and COR can vary among brands and vary among models within a brand.  Thus, while the 
certification test is a valuable tool in measuring the relative liveliness of one bat to another, it is not necessarily a 
true reflection of the relative liveliness among bats in the field when using balls that differ from that used in the 
certification test.  Thus, as a consequence of the ball used in the game, there is potential for the situation where a 
bat can meet the speed limit associated with the certification test conditions but can hit a ball significantly faster or 
slower in the field than what is projected from the certification test.  Well calibrated models of softballs and 
credible methods for the modeling of bats would be valuable to assist in customizing the design of a bat to satisfy 
the performance limits of the certification test while tuning BBS for a particular ball construction.  
This paper presents a complimentary experimental and finite element study that was completed to explore a 
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credible bat-ball collision model for composite softball bats.  Softballs were characterized using a battery of tests, 
and finite element models of the softballs were tuned to correlate to the experimental characterization data.  The 
softball models were then used to explore their ability to correlate with bat-ball collisions using a composite 
softball bat.     
2. Experimental and Modeling Methods 
Two types of softballs and a double-wall composite bat were investigated using experimental and FE methods. 
The mechanical behavior of the softballs was characterized using a variety of test methods: (1) DMA (Dynamic 
mechanical analysis), (2) compression, (3) impacting the ball against a flat wall (COR), (4) impacting the ball 
against a cylindrical target (CCOR) and (5) dynamic stiffness (DS).  Finite element models for compression, COR, 
CCOR and DS were built in an effort to have virtual models that would correlate well with the results seen in the 
experimental test data. Softballs were modeled as an isotropic, homogeneous sphere, and several material models 
available in LS-DYNA were considered to capture the viscoelastic response of the ball. The finite element model 
of the ball was built with 12096 eight-noded constant-stress reduced-integration solid elements. LS-DYNA/LSTC 
(2012) notes that when large deformation is seen in the elements, such as in a CCOR test or bat-ball collision, the 
one-point reduced integration elements are more robust than the fully integrated 20-noded solid elements and can 
reduce hourglassing in the model.  
The composite softball bat model was built using the composite laminate feature of LS-DYNA 
(*PART_COMPOSITE) to define the angle, thickness and material properties of each layer in the laminate.  The 
bat is comprised of braided layers of glass and carbon fibers.  Each braided ply was defined in the model using a 
[+/-/+/-/+] configuration, where the “+” layers each have 1/6th of the total thickness of the ply, and each “-” layer 
has 1/4th of the total thickness of the ply.  Defining each braid layer of the bat in this manner eliminated the 
bending/extensional coupling that occurs in a non-symmetrical laminate stack-up according to Hyer (1998).  The 
bat was partitioned into ten zones to accommodate the change in the number of plies and angles along the length of 
the bat.  Material model #22 was used for each layer of the laminate.  The local material axis was defined using the 
AOPT=3 option for orthotropic materials to define the cylindrical reference frame.  The “double-wall” part of the 
bat refers to a 10-in. (25.4-cm) long tube (insert) that is pressed into the barrel of the bat, with a 0.001-in. 
(0.00254-cm) interference fit.  The contact definition between the barrel and insert was defined as 
*INTERFERENCE_SURFACE_TO_SURFACE contact.  Dynamic relaxation was used to introduce the pre-
stressed state of the interference fit in the barrel section. The bat was comprised of 20494 four-noded thin shell 
elements.   
2.1. Softball – Compression and COR/CCOR/Dynamic Stiffness 
The compression of the softball was experimentally tested in accordance with ASTM F1888 (2009) and 
analyzed using the implicit solver due to the relatively slow speed of 0.02 in/s (0.05 cm/s).  The compression plates 
were defined as rigid bodies.  The time period for the analysis was 14 sec., and the compression value of the ball 
was determined by the force associated with a 0.25-in. (0.63-cm) displacement.   
Testing was conducted to determine the COR, CCOR and the DS of the softballs.  The flat impact surface used 
in the testing was a 3 x 4 x 1 in. (7.62 x 10.16 x 2.54 cm) thick steel plate, and the cylindrical impact surface was a 
2.63-in. (6.67-cm) diameter half cylinder.  The impact surface was mounted on three piezoelectric load cells that 
measure the forces during impact at a rate of 105 samples/s.  The cylindrical impact surface for the CCOR model 
was meshed with 2664 solid elements.  The target is defined as a rigid material.  The explicit solver was used for 
completing the impact analyses.   
2.2. Softball Bat – Barrel Compression, Modal Analysis, and Batted-Ball Performance 
Bat barrel compression testing was done to quantify the stiffness of the barrel section of the softball bat.  The 
test setup is shown in Fig. 1.  The bat is placed in the fixture and compressed between two 3.86-in. (9.80-cm) 
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diameter steel half-cylinder platens at the 6-in. (15.24-cm) location as measured from the endcap.   The hand crank 
shown in the figure rotates to displace the bottom platen and compress the barrel.  There are two gauges included 
in the fixture, one to measure the barrel displacement and the other to measure the force required for the 
displacement.  The barrel compression model was analyzed using the implicit solver.  As shown in Fig. 1, the 
barrel is modeled between two rigid half-cylinder platens each with a diameter of 3.3 in. (7.62 cm) and meshed 
with 8960 solid elements.  The bottom platen was fixed to prevent translation and rotation.  The top platen was 
only permitted to translate in the y-direction and was given a prescribed velocity of 3.5x10-3 in/s (8.9x10-3 cm/s) to 
compress the barrel 6 in. (15.24 cm) from the endcap. 
Impact modal analysis was performed on the composite softball bat to determine the first two bending and hoop 
frequencies.  The setup replicated a free-free condition, and two accelerometers were attached ~90° from each 
other. The bat was impacted with a plastic-tip force hammer.  The impulse and accelerometer data were collected 
by a Dactron Photon II four-channel FFT analyzer, and the RT Pro Photon data acquisition program analyzed the 
frequency response.  The frequency range of 1000 Hz with 800 spectral lines of resolution was used to determine 
the first two bending modes, and the range was increased to 2000 Hz to determine the first two hoop modes.  The 
frequency response function (FRF) was computed from the time response using the Fast Fourier transform based 
on the ratio of acceleration output to force input in Sutton (2008), and the natural frequencies were determined 
using a “peak pick” technique on the FRF response function.  The test setup and a typical FRF for a hollow 
baseball bat showing the first three bending and first two hoop modes is shown in Fig. 2. 
   
      
Fig. 1. Bat barrel compression (left) experimental setup and (right) finite element model. 
 
  
Fig. 2. Modal Analysis (left) experimental setup and (right) example result. 
 
The batted-ball performance is used to determine the relative performance of the different softballs on the 
composite softball bat.  The bat was held stationary to start and was able to pivot about the 6-in. (15.24-cm) 
location as measured from the base of the knob.  The ball was fired at the barrel 6 in. (15.24 cm) from the endcap, 
and the inbound and outbound velocities were measured by three light gates.  Testing was performed at 95 and 
110 mph (153 and 177 kph).  In the batted-ball performance testing model, the composite bat is supported by an 
aluminum pivot.  In the model, the pivot has a single node that is fixed in translation and rotation.  This boundary 
condition kept the bat stationary until it was impacted with the ball, then allowed for rotation after the impact.  The 
ball was given an initial velocity when fired at the bat.  The time period for the modeling of the bat-ball impact was 
0.002 s to ensure the ball had reached a steady-state velocity after the impact.  
2.3. Softball Material Models 
LS-DYNA material models #6 General Viscoelastic, #57 Low-Density Urethane Foam, #76 General 
Viscoelastic Prony Series and #83 Fu-Chang Foam with Rate Effects were explored as candidate material models 
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for the softballs.  For the current study, the General Viscoelastic material model was found to give the best overall 
correlation between the simulation and experimental data for CCOR, DS, peak force and contact time. Fig. 3 
shows that all of the material models correlated well with the experimental data for CCOR at 95 mph (153 kph) for 
Ball Type #1.  All material models were lower than the test data for DS, and #6 showed the least difference from 
the test data.  The force vs. time plot from the CCOR test showed that material model #6 matched well for peak 
force in the test and had the best correlation to the test with respect to the duration of the contact time.  The basic 
equation for material model #6 is: 
       ܩ(ݐ) = ܩஶ + (ܩ଴ െ ܩஶ)݁ିఉ௧                                                                                                                   (5) 
where Gf is the long-term shear modulus, Gf is the short-term shear modulus and E is a time constant to control 
the strain-rate sensitivity.  
 DMA with a tension clamp was used to collect data to fit to the #76 General Viscoelastic Prony Series.  The 
relaxation curves for the softball types were not ideal.  The decline in E' (tangent modulus) for each sample was 
very gradual, spanning over ten decades of time.  Ball Types 1 and 2 did not display a decline in modulus of an 
order of magnitude, which is typical of a glass transition according to Bandrup et al. (2005).   
The other material models considered in this study should be more robust than #6.  However, because these 
models are potentially more robust, the determination of the associated material parameters is more challenging to 
isolate.  It is recommended that future studies revisit these other material modeling candidates. 
 
   
Fig. 3. Comparison of experimental and FE results for Ball Type 1 as a function of material model:  CCOR (left) 
Dynamic Stiffness (center) and force vs. time (right). 
 
3. Comparison of the Finite Element (FE) and Experimental Results
Table 1 shows the comparison of the experimental and the FE model results. The length, weight, MOI (weight 
moment of inertia) and balance point for the composite bat show good correlation between the measured and 
model values. For the compression testing, the bat final loads were about 5% higher for the FE model in 
comparison to the experiment.  The experimental value is an average for four circumferential measurements (12, 3 
6 and 9 o’clock) around the bat.  The higher barrel stiffness of the model can be explained by the model assuming 
perfect plies while the physical bat will likely have minor defects that will reduce the effective stiffness.  The 
results of the free-free modal analysis show reasonably good correlation between the model and the experimental 
data.  The FE model of the bat showed good agreement to the experimental MOI and BP using the ply stack-up 
provided by the manufacturer, and therefore no adjustments were made to the mass distribution.  It was found 
during the study that the handle stiffness influenced the bending frequencies, however, to preserve the 
manufacturer’s composite layup specifications, the material definitions were not altered from those provided to 
tune the bending response in the model to correlate with the experimental data. 
The dynamic experimental and corresponding modeling results for the two ball types (CCOR, DS and peak 
force during DS testing) and for bat/ball impacts are presented in Table 2.  All results are for material model #6.  
The comparison shows that the DS was underestimated by the FE model.  The data show essentially no change in 
the DS for each ball type as the speed increases from 95 to 100 mph (153 and 177 kph). The FE model is unable to 
capture this lack of change in DS with speed.  For peak loads, the FE model shows better agreement than the DS. 
Also, the model shows reasonable correlation to the contact time seen in experiment.  Furthermore, the 
experimental contact time for Ball Type 2 is approximately 0.2 ms longer than Ball Type 1, which was likely a 
result of the lower compression and the lower dynamic stiffness of Ball Type 2. Both ball types were then fired at a 
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composite softball bat at the location 6 in. (15.24 cm) from the end.  The experimental results for Ball Type 1 
showed a slight increase in BBS at the higher test speed.  Ball Type 2 underestimated the BBS.  Also, the 
experimental results for Ball Type 2 showed a decrease of 2.06 mph (3.34 kph) from the 95 mph (153 kph) and 
110 mph (177 kph) test speed, which was capture by the FE model with a 0.045 mph (0.073 m/s) decrease. 
     Table 1. FE and experimental comparison for physical properties of the bat. 
Parameter Experimental FE 
Length [in] (cm) 33.1 (84.1) 33.2 (84.3) 
Weight [oz] (g) 22.1 (627) 22.1 (627) 
MOI [oz-in2] (kg-cm2) 6920 (1266) 7020 (1284) 
Balance point [in] (cm) 21.0 (53.3) 21.0 (53.3) 
Compression preload [lb] (N) 186 (827) 155 (690) 
Compression final load [lb] (N) 368 (1637) 386 (1717) 
Modal analysis (1st/2nd) bending [Hz]  146/555 126/468 
Modal analysis (1st/2nd) hoop [Hz]  1450/1950 1406/2086 
    Table 2. FE and experimental comparison for physical properties of the bat. 
Test Ball Type 
95 mph (153 kph) 110 mph (177 kph) 
Exp. FE % Diff Exp. FE % Diff 
CCOR 
1 0.380±0.006 0.381 0.3 0.355±0.001 0.368 3.7 
2 0.460±003 0.456 0.9 0.442±0.006 0.439 0.7 
DS [lb/in] 
(N/cm) 
1 7190±371 (12592±650) 6153 (10776) 14.4 7260±408 (12714±715) 6680 (11698) 8.1 
2 5760±112 (10087±196) 4610 (8073) 20.0 5780±197 (10122±345) 4980 (8721) 13.8 
Peak Load 
(lb) (N) 
1 4700 (20906) 4390 (19527) 6.4 5540 (24643) 5300 (23575) 4.5 
2 4150 (18460) 3690 (16413) 11.1 4780 (21262) 4440 (19750) 7.0 
Contact 
Time (ms)  
1 1.03 1.20 16.5 1.01 1.09 7.9 
2 1.21 1.40 16.5 1.20 1.30 8.3 
BBS (mph) 
(kph) 
1 96.5 ±0.5 (155.3±0.81) 95.8 (154.2) 0.7 97.0±0.8 (156.1±1.3) 97.2 (156.4) 0.4 
2 95.2±0.5 (153.2±0.81) 90.1 (145.0) 5.4 93.2±0.8 (150.0±1.3) 90.1 (145.0) 3.4 
4.    Conclusions 
Experimental characterization of a softball bat and softballs of different COR and compression specifications 
were conducted.  The finite element model of the bat gave very good correlation to experimental data for barrel 
stiffness and frequency response.   Four viscoelastic material models for the two types of softballs were evaluated.  
The general viscoelastic material model was found to be the best overall.  Further study into the determination of 
the material parameters for the various material models is recommended. 
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